Background. Postoperative central nervous system infection (PCNSI) in patients undergoing neurosurgical procedures represents a serious problem that requires immediate attention. PCNSI most commonly manifests as meningitis, subdural empyema, and/or brain abscess. Recent studies (which have included a minimum of 1000 operations) have reported that the incidence of PCNSI after neurosurgical procedures is 5%-7%, and many physicians believe that the true incidence is even higher. To address this issue, we examined the incidence of PCNSI in a sizeable patient population.
Multiple factors have contributed to the increasing number of diagnosed CNS infections, including prolonged lifespan, increased incidence of solid-organ transplantation, and improved diagnostic imaging modalities [1] . The development of postoperative CNS infection (PCNSI) after neurosurgical procedures represents a significant threat and requires immediate incidence of PCNSI after neurosurgical procedures to be 5%-7%, with an incidence as high as 10% when antibiotic prophylaxis was not administered [6] [7] [8] [9] . To more definitively establish the incidence of PCNSI in the population of patients undergoing neurosurgical procedures and the potential risk factors, this retrospective study was performed using a sizable patient population in which every patient received antibiotic prophylaxis.
MATERIALS AND METHODS
The operative records and postoperative course of 2111 cases involving neurosurgical procedures occurring in patients seen at the University of Minnesota (Minneapolis) from February 1991 through December 2005 were retrospectively reviewed for the incidence of PCNSI, the identity of offending organisms, and the factors associated with infection. In addition to cases of meningitis, epidural abscess, subdural empyema, and/or brain abscess, both bone-flap infections and wound infections were categorized as PCNSIs. All operations were elective and performed by a single surgeon (W.A.H.), and every operation was preceded by a prophylactic antibiotic protocol consisting of a perioperative 1-g dose of cefazolin (or a 1-g dose of vancomycin if the patient was allergic to penicillin) administered intravenously at the time of anesthesia.
Surgical scrub. Before every operation, Betadine Surgical Scrub (Purdue Pharma) and alcohol were applied to the operative site, followed by application of DuraPrep Surgical Solution (3M) to the same site. Once the site was dry, the patient was draped in a sterile manner. During each intracranial procedure, the head was shaved at the operative site prior to the Betadine and alcohol scrub.
Data collection and statistical analysis. The patient age at operation and sex, development of PCNSI, and offending organism(s) were recorded for each operation. Neurosurgical cases were categorized to have an origin of cranial, spinal, or peripheral nerve. Statistical analysis was performed using GraphPad Software. P values !.05 were considered to be statistically significant.
RESULTS

Demographic characteristics.
The mean age at operation was 44.9 years (median age, 45 years; 1119 men and 992 women). Sixteen of the 2111 neurosurgical procedures were complicated by PCNSI, yielding a total incidence of 0.8%. Of the 1587 cranial operations, 448 were craniotomies for a tumor, mass, and/or lesion; 407 were brain biopsies; 312 were shunt and/or ventricular operations; 184 were transnasal and/or transphenoidal operations, 114 were nontumor craniotomies; 69 were Ommaya reservoir implantations; 46 were burr hole, aspiration, and/or drainage procedures; and 7 operations were categorized as miscellaneous (table 1) .
Of the 492 spinal operations, 38 involved resection or biopsy of a tumor and/or mass, 9 involved cyst resection, 9 involved Chiari type I decompressions, and 4 involved myelomenigocele repair, with the remaining 432 spinal operations involving laminectomies, discectomies, foraminotomies, and lumbar drain placement and/or instrumentation (table 1). The remaining 32 operations involved the peripheral nervous system, of which 5 were for tumor resection, 2 involved neuroma resection, and the remaining 25 included 4 operations for lysis and/or graft repair and 21 operations for nerve release, transposition, exploration, and/or resection (table 1) .
Cranial operations. Of the 1587 cranial operations, 14 (0.8%) were complicated by PCNSI, most commonly caused by Staphylococcus aureus (6 cases; 42.9% of cranial infections), followed by Propionibacterium acnes (4 cases; 28.6% of cranial infections) and multiple-organism infection (2 cases). Of the remaining post-cranial operation infections, 1 was caused by Pseudomonas aeruginosa, and 1 infection was culture negative (table 2). None of the S. aureus infections were due to methicillin-resistant strains. More-specific information relating PCNSI isolates with corresponding neurosurgical procedures is listed in table 2. Infection of an indwelling device comprised 5 cases of PCNSI (35.7% of cranial infections), and 4 cases of PCNSI manifested as meningitis (28.6% of cranial infections). The remaining incidences of PCNSI manifested as brain abscess (3 cases), superficial wound infection (1 case), and subdural empyema (1 case). The neurosurgical procedures after which PCNSI occurred involved ventriculoperitoneal shunt placement (5 cases), first-time craniotomy for a tumor, mass, and/or lesion (5 cases), brain biopsy (2 cases), Ommaya reservoir placement (1 case, which occurred prior to subsequent chemotherapy access), and transnasal hypophysectomy (1 case). The neurosurgical procedures associated with the highest rate of PCNSI were CSF shunting (1.6%), followed by Ommaya reservoir placement (1.4%) and craniotomy for a mass, tumor, and/or lesion (1.1%) (table 1) .
Spinal and peripheral nerve operations. Of the 492 spinal operations, 2 (0.4%) were complicated by PCNSI. Each infection following a spinal operation was caused by methicillinsusceptible S. aureus, with the neurosurgical procedures involving 1 thoracic tumor resection and 1 cystic sacral mass drainage and resection, neither of which involved an indwelling foreign body (table 1) . None of the remaining 32 peripheral nerve operations were complicated by PCNSI (table 1) .
Identity of offending organisms and demographic characteristics of infections. Among the 2111 neurosurgical procedures, the most common offending organism causing PCNSI was S. aureus (8 cases; 50% of infections), followed by P. acnes (4 cases; 25% of infections) (table 2). The mean age of the 16 patients who developed PCNSI was 37.4 years, and the mean age of the patients who did not develop infection was 44.8 years. Statistical analysis, using unpaired 2-tailed t tests, did not reveal this difference to be significant ( ). P p .122 Four hundred eighty-two (23%) of the 2111 operations were performed in patients who had undergone previous neurosurgical intervention. Of these operations, only 4 (0.8%) were complicated by postoperative PCNSI (3 craniotomies and 1 spinal surgery). A x 2 analysis revealed no significant difference ( ) between this infection incidence and that associated P 1 .05 with the 1629 cases in patients who had not undergone a previous neurosurgical procedure (12 [0.7%] of which were complicated by infection), and no significant difference ( ) P p .10 in PCNSI incidence was revealed between male and female patients. The factor most strongly associated with PCNSI was foreign body implantation, which occurred in 7 of the 16 cases complicated by PCNSI. Neither CSF leak, nor preoperative diagnosis of diabetes, was strongly associated with PCNSI, each occurring in only 2 of 16 cases of PCNSI.
DISCUSSION
Since the origination of neurosurgery, PCNSI has posed a formidable challenge to the field. The advent of germ theory by Louis Pasteur and its subsequent application to surgical sterilization by Joseph Lister in the late 19th century allowed for a marked reduction in the rates of postoperative sepsis, resulting in an expansion of the depth and breadth of operative neurosurgical procedures that could be performed safely [10] [11] [12] [13] . The safety of neurosurgical procedures was further enhanced by the clinical application of Alexander Fleming's original penicillin mold extract in the 1940s in the operating room through the work of Howard Florey and Ernst Chain, allowing for nonemergent lesions to be treated neurosurgically with a previously unattainable level of postoperative safety, thereby opening the door for elective neurosurgery [14] .
Since the advent of elective craniotomy operations, the reported rates of PCNSI (defined as meningitis, epidural abscess, subdural empyema, brain abscess, bone-flap infection, and/or wound infection) following intracranial neurosurgical procedures have been relatively variable, ranging from !1% to 18% in published series [6] [7] [8] [9] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Only 5 of these series have involved 11000 intracranial operations [6] [7] [8] [9] 18] . Of these series, 2 involved a North American population, with 1 series systematically excluding CSF shunting procedures because of their "unique liability for infection" [6] [7] [8] [9] 18] . To address this dearth of large case series, we examined the incidence of PCNSI in the first single-center North American report to involve CSF shunting procedures (table 1) . In addition, we decided to compare our PCNSI findings after spinal operations, because only a limited number of series in the literature focus exclusively on PCNSI after spinal operations, with an infection rate varying from 1% to 21% [29] [30] [31] [32] . In our series, the rate of PCNSI after 1587 intracranial operations was 0.8%, which is 16 times lower than that in other comprehensive series involving at least 1000 intracranial operations [6] [7] [8] . The incidence of PCNSI after spinal neurosurgical procedures (492 operations) in our series was 0.4%, which is lower than any rate previously reported [29] [30] [31] [32] . The overall incidence of PCNSI in our series of 2111 operations (including 32 cases occurring after peripheral nerve procedures) was 0.8%.
The 0.3% incidence of bacterial meningitis after intracranial neurosurgical procedures (4 cases that developed after 1587 operations) reported in our series compares favorably with series of comparable patient size, being ∼5 times lower than the 1.4%-1.9% incidence of postneurosurgical bacterial meningitis reported in the literature [7] [8] 33 ]. The 0.2% incidence of brain abscess (3 cases that developed after 1587 operations) likewise compares favorably with the 0.6% rate previously reported [7] . Of note, having undergone previous neurosurgical procedures did not correlate with an increased risk of PCNSI, because the 0.8% infection incidence in this population was not statistically different from the 0.7% incidence in patients undergoing neurosurgical procedures for the first time.
The most common offending organism in our series was S. aureus (accounting for 50% of infections), which is in concert with previous reports [7-8, 24, 27, 30] . P. acnes played a significant role in our series (accounting for 25% of infections), which is also in accordance with previous reports [8, 27] . Also substantiated in the literature was the increase in infection risk because of foreign body placement, which was associated with nearly one-half of the infections in our series. An interesting finding in this series was that Enterobacter, Acinetobacter, Proteus, or Candida species were not causes of PCNSI, differing from the findings of previous reports [8, 9, 20, 24] . Although the patients who developed PCNSI were younger than those who did not develop infection, this trend was not strong enough to be statistically significant.
Previous studies examining PCNSI in 11000 patients have evaluated CSF leakage, male sex, operating surgeon, previous neurosurgical operation, and absence of antibiotic prophylaxis as risk factors for PCNSI following craniotomy [8, 34] . Because all patients in our study received antibiotic prophylaxis and received care from the same neurosurgeon, 2 of these risk factors were eliminated as potential confounders. The findings of our study revealed neither male sex nor previous neurosurgery to be risk factors for PCNSI. Although the low number of PCNSI cases relative to the large number of overall neurosurgical cases in this series somewhat limits the ability of our study to detect statistical significance, further analysis of the 16 cases of PCNSI revealed the involvement of CSF leak in only 2 cases and diabetes in only 2 cases, making neither a statistically significant risk factor for PCNSI.
In one of the first series in the United States to examine PCNSI after 12000 neurosurgical procedures, the incidence of infection after neurosurgical procedures was 0.8% after cranial operations, 0.4% after spinal operations, and 0% after peripheral nerve operations. The incidence of infection after cranial operations in our series was 16 times lower than that recently reported in series with comparable patient size (11000 patients). Nearly one-half of PCNSI cases were associated with implantation of a foreign body, and neither CSF leak, diabetes, nor male sex were risk factors for PCNSI. The results from our series indicate that the true incidence of PCNSI after neuro-surgical procedures may be greatly overestimated in the literature and that, in operations associated with high risk of infection, prophylaxis against S. aureus and/or P. acnes infection should be of primary concern.
